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Abstract In this paper we consider the problem of integrated scheduling of various types of handling
equipment at an automated container terminal, where the objective is to minimize the
makespan of the schedule. We present a Branch & Bound algorithm that uses various
combinatorial lower bounds. Computational experiments show that this algorithm is able to
produce optimal or near optimal schedules for instances of practical size in a reasonable time.
We also develop a Beam Search heuristic that can be used to tackle very large problem
instances. Our experiments show that for such instances the heuristic obtains close to optimal
solutions in a reasonable time.
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RTS U VXW Y[ZX\:]T^_Y ` a bdc e:S fX` W Y g b S f9Uih_j a Y WdklS m9a n_o9e c WdhXp9Y mrq_Y g stklS mXa nuo9c fv` c siw_V9a g a S c fra S siY
f9c arnxg y Yzg{j g W U YzS f9|_V9Y fx` Yrc9f}a n9Y~W Y b VXj a bic e[a n9Yzg j U c W S a nXsrlbkY~` g fb Y Y oc9fg y Y W g U Y ola nXY
mXS ^xY W Y fx` Y[q_Y a k:Y Y fra n9YW Y b VXj a b:c eTgiU9S y Y frq_Y g sg fXmrhxj a Y WdklS m9a nr` c sqxS fxg a S c frg fXmra nXY[q_Y b adq_Y g s
g fXmh_j a Y WdklS m9a n` c9s[q_S fXg a S c9frS b:klS a nxS fv  iw_Y W ` Y f a :lba nXY[hxj a Y WklS mXa nrS fX` W Y g b Y b o9a nXYmXS ^_Y W Y fX` Y b
U Y aTY y Y fb sg j j Y W ŁdnXY:hxU VXW Yg j b c[b nXc klbue c WY g ` niq_Y g sg fXmh_j a Y WTklS m9a n` c9s[q_S fXg a S c9fiS a bk:c W b aT` g b Y
qxY nxg yXS c VXW : cxo9e c WdY g ` nv` c sqxS fxg a S c fuo9k:Yb nXc ka nXYsg pXS siVXstmXY yXS g a S c fe W c9sa n9Y[q_Y b adsg  Y b w_g f
e c VXfxm[q9ig f i` c9s[q_S fXg a S c9f_o kln9Y W Ya nXYdsg pXS siVXsS bua g  Y fic y Y Wg j j9S fxb a g fX` Y bTb c j y Y m_TŁdnXS bmXY yXS g a S c f
S be c W[g j j` c sqxS fxg a S c fxbc eTa nXYq_Y g sg fxmrhxj a Y WdklS mXa nrklS a nxS frw_Y W ` Y f a ddY fx` Y oxk:Yisg v` c9fX` j Vxm9Y
a nXg aa nXY:Y g s Y g W ` n{g j U c W S a nxsS b9VxS a YW c qxVxb ag fXmza nxg ae c WwXW g ` a S ` g j:VXb Y oh_f9Ya VXfxS f9Urc ea nXY
wxg W g siY a Y Wly g j V9Y be c Wda nXY[q_Y g sg fXmrhxj a Y WdklS m9a nS bdfXc alf9Y ` Y b b g W  
RS U VXW Y:lg j b c[b n9c klbua nxg aa g XS fXUlgdj g W U Y Wq_Y g sklS mXa nm9c9Y bf9c afXY ` Y b b g W S j [j Y g m[a clgdq_Y a a Y WTb c j VXa S c9f_
lbTw_c9S f a Y mc VXa:q_Y e c W Y[S fr9VXqxb Y ` a S c fX Xo9a nXS bS b:mxV9Yla cia nXYle g ` ada nxg ae c Wdgj g W U Y Wq_Y g sklS m9a n_o kY
m9cfXc alfXY ` Y b b g W S j rb Y j Y ` ada nXYb g siYfXcXm9Y bdg adY g ` n~j Y y Y j_a nXg fe c Wlgb sg j j Y Wdq_Y g stklS mXa nu
RS U VXW Y[Zb n9c klbda nXY[Y ^_Y ` adc9fa n9Yi` c siw_V9a g a S c fra S siY bc e:S fX` W Y g b S f9Uia n9Yhxj a Y WdklS m9a nrVXfxm9Y Wdy g W S c Vxb
qxY g sklS mXa nxb lbkYl` g fb Y Yde W c9sa nXS bhxU VXW Y o a n9Yl` c siw_V9a g a S c fia S siYU W c klb o e c W:hXp9Y miq_Y g sklS m9a n_o
g j sic b aj S fXY g W j iklS a na nXYlhxj a Y W:klS m9a n_Trc W Y c y Y W oxm9c9V9q_j S f9U[a n9Ylq_Y g sklS m9a niU S y Y bg wxwXW c pXS sg a Y j g
m9c VXqxj S fXU:c e9a nXY:` c9siwxVXa g a S c9fla S siY dY fX` Y o a nXY:f9VXsq_Y W_c e9U Y f9Y W g a Y mfXcXm9Y b o klnXS ` n[S bu    _¡ ¢T£
S f[` g b Yc exg wXw_j XS f9Udgdhxj a Y W o U9S y Y bgdU c9cXm[Y b a S sg a Y:c e9a n9Y:W Y j g a S y Y` c siw_V9a g a S c f[a S siY buVxfXmXY WmXS ^_Y W Y f a
qxY g sg fxmh_j a Y WdklS m9a nXb 
¤
c s[q_S fXS fXU[RTS U VXW Y bTg fxmiZxo9S a:S bT` j Y g W:a nxg ag j a nXc VXU nia n9YlmxS ^xY W Y fx` Y bTS fia n9Ylb c9j V9a S c f9VXg j S a c e_a nXY
y g W S c9VXbdq_Y g sg fXmrh_j a Y WlklS m9a nr` c9s[q_S fXg a S c9fXblsg rq_Yib sg j j oXa nXYimXS ^_Y W Y fX` Y blS fv` c siw_V9a g a S c fva S siY
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e f(g hi jkl km nfiopmhl q mpr s+fj i tm n m t(g h+mpi f g m u n l g m tvj r h+m twx i fups yq l n i s wjg z+km jfis yhl ftx i f+upm {+wi k|Um f g
l gbl fUl w+g s |1l g m t1r s+f g l i f+m nbg m n |1i fl x }d~bKr i m f gj r hm twx i f+u&s yg hmpm {+wi k|Um f gfis g hvn m twr m jdg hmpg i |Um
q m j j m x j&j km ftFi fKg h+mvks n g&l fti fr n m l j m jpg h+mvkn stwr g i qi g zKs ybg hm"g m n |1i fl x }&h+m n m y s n m u n m l g"r s j g j
j l q+i fu j&l n mvl g(j g l  m }
m1hl q mKr s fj i t+m n m tlFr x l j j(s ypx l z s+w+g j"i fo(hi r hl x xb&(U j"kl j j(lFr s+|1|Us fks i f g"l y g m n"g h+m zl n m
wfx s+l tm tl gvg hmKŁ"( j }U&hi j"i j y s nvi fj g l fr m fig hm1r l j m1l g"g h+m1l w+g s |1l g m tr s f g l i fm n"g m n |1i fl x j(i f
ps g g m n tl |F}/s nKj wr h/x l z s wg j opmhl q mj hs o(fg hl g1om|1l zn m j g n i r gUs wn j m x q m jUg sj r hm twx m jUi f
o(hi r hg h+mKl j j i u f|Um f g"s n tm nvs ypg hm" s j"s fg h+mK(&U jvi jvr s fj i j g m f gvo(i g hg h+m1s n t+m nvs ypg h+m" s j
s fm l r hs ypg h+mK"( j }K&m fr m fig h+mFl j j i u+f|Um f g"s n t+m nvs ypg hm" s j"s fg hmK&(U jUt+m g m n |1i f+m j"g hm
j r h+m twx mvr s+|Ukx m g m x z }&hi jphl j&x m tFg s1g h+mUt+m q m x s k|Um f g&s yl1n l fr hs wftl x u s n i g h|F}bRi g hi f
g h+mUl x u s n i g h|Fl1f+w|"m n&s ybr s+|"i fl g s n i l xfix s om n(s wftjpi jpwj m tKg sKr w+g&s w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m g g m n dn m j wx g jvl jvg hmKn l fr hs+wft
l x u s n i g h|F}1&s opm q m n bm j km r i l x x zy s nUx l n u m1kn s x m |i fj g l fr m j fig h+m1n m {+wi n m tr s+|Ukwg l g i s+fg i |UmUs y
g h+mKm l |+m l n r hl x u s n i g h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i jk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r m i yg ops1&(U jpopl f gpg s1w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x i f+uKg s+ss y g m f|1l z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r zKs y
n m j r h+m twx i fuKs+fg hmUs q m n l x xbkm n y s n |1l fr m }1wn g hm n |Us n m fim +g m fj i s+fs ypg hmK|Ust+m xd+zi f g n stwr i fu
l tt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